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1 INTRODUCTION 
1.1 Object 
A Japan-U.S. cooperative research program us~ng large-scale, 
medium-scale, and small-scale testing facilities was established in 
1977 to study the use of models of varying sizes for understanding 
earthquake response of building structures. A seven-story large-scale 
building was tested in the Building Research Institute Lahoratory ~n 
Tsukuba. Earthquake-simulation tests of a lIS-scale model were carried 
out at the University.of California, Berkeley, and of three 1/lO-scale 
models at the University of [llinois, Urbana. This study is related to 
the tests of the I/IO-scale models. The object of the work reported 
was to study the feasibility of using nonlinear SDOF models in 
understanding the behavior of reinforced concrete structures subjected 
to earthquake-like base motions. 
1.2 Outline of Work 
Results from the large-scale model ~n Tsukuba were obtained for 
various fragments of earthquake records and in essentially a static 
environment. Results from the small-scale models ~n Urbana were 
obtained for two specific base motions. To compare the results from 
the two sources it is necessary to normalize them with respect to the 
paraTneters affectin~ response. This was done using a SDOF model with a 
nonlinear spring reflecting strength and stiffness properties of the 
2 
models. 
The MDOF system was reduced to a SDOF system with the assumption 
that the displaced shape remalns constant during the shakin~ 
( chapter 2). A hysteresis model based on the observations made in 
the tests was developed ( chapter 3). In chapter 4 Rnd 5 the measured 
response histories of the small-scale and the lar~e-scale structures 
were compared with the calculated response histories of the SDOF ~odels 
based on the properties of the tested structures. In chapter 6, the 
sensitivity of calculated response of SDOF models due to plausible 
variations in assumptions of the displaced shape, the shape of the 
primary curve of the hysteresis model 3nd different base motions was 
investigated. 
1.3 Acknowledgments 
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improve design practice related to earthquake resistance of building 
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3 
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2 EQUIVALENT SINGLE-DEGREE-OF-FREEDOH SYSTEH 
2.1 Introduction 
The equivalent single-degree-of-freedom system and the multi-
degree-of-freedom system are compared 1n Fig. 281. The SDOF model 
consists of a concentrated equivalent IT.ass connected to the ground by a 
single nonlinear spring. The SDOF model is assumed to dissipate energy 
by hysteresis. No viscous damping is invoked. 
The derivation of the equivalent SDOF ffiodel 1S based on thE 
incremental differential equation for equilibrium of the 
multi-degree-of-freedorn system" 
[K] {~~} + {~F} = {a} 
[M] Mass matrix 
{~u} Incremental acceleration vector 
{~F} Incremental resisting force vector 
It is assumed that the response is dominated by one mode shape 
which does not change significantly during the response history. All 
deflections are expressed in terms of the top deflection Y .. 
~u . cp .'~y 1 1 ( 2.2 ) 
and 
S· cpo . ~y u. + ~x 1 1 g ( 2.3 ) 
5 
6Y = Top deflection 
6u. Deflection at level i 1 
Si. Base acceleration g 
¢i Node shape ampl itude at level i 
The do~inant mode shape depends on the frequency content of 
e.xcitation and the type of structure but is usu~lly similar to th&t of 
the lowest translational mode for building structures subjected to 
earthquake motion. 
2.2 Analytical Formulation 
Substituting Eq. 2.3 into Eq. 2.1 yields 
[1'1] {¢}. 6Y + {6F} = - [M] {I}· tii. g ( 2.4 ) 
The base overturning moment of the MDOF system can be determined by 
writ ing 
where {H} is the vector containing the story heights above ground. 
Premultiplying Eq. 2.4 by {H}T yields: 
{H}T [N] {¢} '6Y + 6Hb = _ {H}T [M] {I} .~ g ( 2 .. 6 ) 
The base shear 6Vb can be derived similarly: 
6Vb = {l}T {6F} ( 2 .. 7 ) 
Premul t iply ing Eq. 2 .. 4 by {l}T yields: 
( 2.8 ) 
6 
Because higher modes affect base shear - displacement relationships 
more than base moment - displacement relationships, it is preferable to 
deal with Eq. 2.6 and a measured moment - displacement relationship 
rather than Eq. 2.8 and a measured shear - displacement relationship. 
If a measured or calculated relationship between base-moment 
top-displacement 1S available the base moment can be expressed as a 
function of the incremental deflection as follows: 
~ Hb = K~~ utop = K·CP top · ~y 
Substituting Eq. 2.9 into Eq. 2.6 yields: 
( 2.9 ) 
{H}T [H) {cb.}.~'l + K·m .I\v"", _ ful T [M] 11\.;":'; " .r. 
. top ........ - -- lUJ ~"'J p ..... g L..IU 
Equation 2.10 can be modified by introducing 
~y {H} T [M] {I} .. ~Z 
{H}T [M] {cp} 
( 2.11 ) 
and 
M = {H} T [~1l {I} e ( 2.12 ) 
K 
{H}T [M] {I} 'K'CP 
e {H}T [M] {CP} top ( 2.13 ) 
to the more familiar form of the SDOF model 
M ·~i·+K '!!l=-NG~ e e e g ( 2 .. 14 ) 
Viscous damping is not included in this model because response at 
very low amplitude is outside the range of interest and because 
7 
hysteretic damping is not defined precisely enough to rationalize 
inclusion of another variable which has relatively small effect at high 
amplitudes approaching yield and beyond. 
2.3 Numerical Integration 
Newmark's 6 method (2) was used to integrate the differential 
equation of motion. The value of 6 was taken equal to.O.25 and the 
value of y equal to 0.5 which corresponds to constant acceleration 
over the time interval. The increment of the velocity and the 
acceleration may be written as: 
6Z 
. 
6Z 
fjz - Z(t)·6t 
6 - 6t 2 
.. 
Z(t) 
- -26 
[(1 - JL).Z(t) + y (6Z - z(t)·6t)]'6t 
26 6-6t2 
( 2.15 ) 
( 2 .. 16 ) 
Substit~ting these into the differential equation and using the set of 
abbreviations defined below: 
1 Y 1 aO 6·6t 
;:t 
6·6t a Z 6'6t -1 
1 Y 6t .(L 
- 2) a = 26 a = S as 3 4 2 6 
The following expressions are attained: 
K 
e 
.. 
Re = Me"( a2'~ + a3'Z - 6ig 
Solving the linear equation yields 
6Z 
Reference Root!!1 
University of Illinoia 
BI06 NCEL 
208 ]:.I. Hom.ine 
Ur"bana~ Illinoia 
( 2.17 ) 
( 2,,18 ) 
( 2.19 ) 
( 2.20 ) 
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The increments of the acceleration and velocity are: 
.. 
ClOG 6Z - 82- Z ( 2.21 ) 
( 2.22 ) 
And the total displacement, velocity and acceleration of the SDOF model 
are: 
Z(t+ 6t) = Z(t) + 6Z 
.. " .. 
Z(t+ 6t) = Z(t) +6Z ( 2.23 ) 
Z(t+ 6t) 
The total displacements and acceleratios of the NDOF system can be 
calculated by using Eq. 2.11, Eq. 2.2 and Eq. 2.3. 
The increment of the base shear can be determined by writing: 
( 2.24 ) 
The increment of the overturning moment is given by Eq.2.9: 
Total base shear and overturning base Eoment at time t + 6t: 
( 2.25 ) 
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3 HYSTERESIS MODEL 
3.1 Introductory Remarks 
Hysteretic behavior of members plays an important role In the 
response of reinforced concrete structures sUbjected to strong b&se 
motions. Several hysteresis models have been developed in the past. 
The simplest one of all, the bilinear elasto-plastic model, is easy to 
implement in a computer program but does not represent the observed 
shape of force-displacement response for reinforced concrete 
structures. The Takeda model (7) and the Sina model (5) represent the 
hysteretic behavior in some detail and are therefore more complicated. 
Saiidi (5) used a bilinear model (Q-model) which includes some of the 
basic features of the Takeda and Sina models but IS described by only 4 
rules. Hoehle (1) modified the Q-model to have a trilinear primary 
curve by including an initial range to represent stiffness of uncracked 
section. This modification improved the calculated response history 
without complicating the hysteresis model. However, the bilinear as 
well as the trilinear Q-models assume that stiffness reduction occurs 
for both directions if there is an excursion in one direction. 
The model used in this report is similar to the Takeda model except 
that the features of the unloading slopes have been changed. This 
relatively complicated model has been favored over the simpler Q-rllodel 
because of the increased similarity to observed hysteretic beh&vior. 
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3.2 Description of the Hysteresis Model 
An example demonstrating the various rules of the assumed 
hysteresis model 1S shown 1n Fig. 3.1. The numerals refer to the 
rules. There are eight distinct rules. A g1ven bEse-moment 
top-displacem~nt relationship 18 best fitted , Dy U 
16 c.ssumed to be syn:r:tetric \~lith respect to the origin. The trilinear 
primary curve has two breakpoints which ruay be said to refer to 
cracking and yielding for convenient ref~rence. Even though these 
break points occur at load levels re~sonably close to tile cracking and 
yielding loads, they do not necessarily represent the actual load at 
initiation of cracking or yield ing. Moment and displacement 
coordinates of an "ultimate" point are also defined simply to set the 
slope of the curve after yielding. Haximun: moments and displacements 
are seperately stored for the curves on each side of the displacement 
axis. The stiffness reduction on each side is handled independently of 
what has occurred on the other side. The model is linear elastic for 
displacements below the cracking point. Loading beyond follows the 
envelope to the yielding point. Unloading and reloading follows a path 
to the maximum previous displacement and moment on the opposite side of 
the hysteresis curve. Loading beyond the yield point follows again thE 
primary curve. The unloading curve has the slope 
(3.1) 
H 
Y 
D 
Y 
11 
Yield moment 
Yield displacement 
D 
maxI Max. displacement in the direction from which unloading takes 
place 
The power $ controls the hysteretic dampin& which depe~ds on the 
properties of the structure and the chosen yielding break point. 
Usually it is assigned a value between 0.2 and 0.3. 
The unloading curve 1.S assigned two slopes. The slope 1.S Kl froE; 
the point of returr, to the IT.oment equal to one quarter of the moment at 
the return po int. Unloading then fo llows a slope KZ so that the 
unloading line intersects the envelope curve at the point of the 
maximum previous displacemer.t on the opposite side. The slope K2 is 
defined by Equation 3.2. 
H 
max2 
HOMENT 
D 
max2 
DISP 
MOMENT + M 2 
max 
DISP + D 2 max 
l-raximum noment reached on the opposite side of the 
hysteresis curve 
Homent at time t 
NaximuTIl displacement reached on the opposite side of the 
hysteresis curve 
= Displacement at time t 
(3.2) 
12 
From a given return point, the rules adopted for the unloading lead 
to more hysteretic damping than would be calculated on the basis of the 
Q-model .. 
Appendix A contains a detailed table documenting the actions to be 
taken 1n different stages of loading and unloading .. 
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4. COMPARISON OF RESPONSES OF NS-l, NS-2 AND NS-3 
4.1 Description of Test Structures and Testing Procedure 
Three small-scale, 7-story, three-bay reinforced concrete 
structures were tested using the University of Illinois Earthquake 
Simulator (8). The dimensions of the structures were one-tenth of a 
prototype tested at the Building Research Institute, Tsukuba, Japan, 
which is described ~n chapter 5. Each structure comprised three planar 
systems working in parallel for resisting lateral loads: two exterior 
frames and an interior frame stiffened by a wall. A steel system 
instead of concrete floor slabs was used to carry the story masses and 
to ensure equal horizontal displacements in all three frames. The 
difference between NS-1 and the other structures was that the top 
reinforcement of the beams ~n NS-2 and NS-3 were increased to reflect 
the strength contribution of the top reinforcement ~n the slabs of the 
prototype. 
The overall dimensions and reinforcement details of the small-scale 
structures are shown in Fig. 4.1. Dimensions and material properties 
are listed in Table 4.1. Accelerations and displacements were measured 
on both exterior frames at each level. All three structures were 
subjected in the first run of the NS component of the record measured 
at Tohoku University during the Miyagi-Oki earthquake of 1978. Its 
time axis was compres~ed by a factor of five and the input acceleration 
was scaled to have a max~mum of approximately 0.6 g. The acceleration 
14 
records measured on the base girders of NS-1, NS-2 and NS-3 are shown 
1n Fig. 4.2, the maX1IDum base accelerations are summarized in 
Table 4.2. Each small-scale model was subjected to several simulated 
earthquakes, but only the first test run is investigated in this 
report. 
4.2 Measured Displacement and __ ~~-Moment~espon~~ 
The displacement response histories for all seven levels of 
structure NS-3 are shown in Fig. 4.3. The general shape of the 
displacement waveform was similar for all three structures. It is seen 
that all seven levels were in phase indicating that the displacement 
response of the structure was dominated by one mode shape. Typical 
displacement distributions over the height of the structure are 
compared in Fig. 4.4. They indicate that the fundamental mode 
dominated the displacement response of the structure. Furthermore, it 
is seen that the shape did not change significantly during the observed 
time period and can be described as almost linear. This feature is 
important for the derivation of the SDOF model and will be used later. 
The measured top-displacement histories of NS-l, NS-2 and NS-3 for 
the first five seconds of record are compared in. Fig. 4.5. The 
zero-crossing times for all three structures were almost identical 
during the first three seconds whereas the displacement amplitudes 
differed. Maximum displacements were 17.5 rom for NS-l, 15 mm for NS-2 
15 
and 13.5 mm for NS-3. The three waveforms deviate during the last two 
seconds of investigation but indicate similar overall features. 
Perceptible difference ~n the waveforms started in the fourth second 
which also marks the beginning of low-amplitude response. 
The response displacement spectra for 2 % and 10 % damping are 
compared in Fig. 4.6. It is seen that the input ~otion of all three 
structures led to comparable displacement response spectra. 
4.3 Determination of Equivalent SDOF Model 
It was shown in section 4.2 that the observed displacement shape 
was almost linear and did not change significantly during the time 
interval considered. To start with a simple assumption for the mode 
shape, it was assumed that the mode shape was linear along the height 
of the structure. This is also in agreement with the presence of a 
stiff and prismatic wall element along the height of the structure. 
The mode shape was determined by normalizing the linear displacement 
shape to one at the top level of the structure. The equivalent mass 
Me and the stiffness Ke are calculated using Eq. 2.12 and Eq. 2.13, 
respectively. The story mass for all three structures was 444 kg. The 
calculated values are listed in Table 4.3. 
It was described ~n section 4.2 that the top-displacement and base-
moment response of all three structures was similar. Furthermore, it 
16 
was mentioned that the response displacement spectra indicated 
comparable base motion input for all three models. It was therefore 
assumed that the hystereses of the structures were similar and that one 
hysteresis curve could be used for the SDOF model. It should be 
mentioned that a simple and direct comparison between measured 
hysteresis curves was not feasible because accelerations and 
displacements of NS-l and NS-2 were recorded continuously on analog 
tape. The shape of a hysteresis curve is quite sensitive to slight 
differences of the tape speed. The hysteresis envelope for the SDOF 
model was determined uS1ng the measured hysteresis of NS-3 
( Fig. 4.11 ) which is based on directly digitized data. The measured 
and the assumed hysteresis envelopes are compared 1n Fig. 4.7. The 
coordinates of the break points are recorded 1n Table 4.3. The 
exponent of the term controlling the return slope was set equal to 0.2 
to fit the measured hysteresis curve. Thus, the assumed return slope 
decreases with increase 1n maximum top displacement. The equivalent 
stiffness Ke ( Eq. 2.13 ) has to be recalculated at each time step and 
depends on the slope K of the hysteresis at time t. 
4.4 Comparison of Measured and Calculated Response 
Measured and calculated response histories are compared in Fig. 4.8 
to 4.10. The calculation algorithm was described in chapter two. The 
calculated displacement waveform for NS-l matched the measured waveform 
well for the first three seconds. The calculated intermediate 
17 
low-amplitude response thereafter deviated from the measured one and 
the following large-amplitude response was overestimated. This may be 
attributed in part to the fact that structure NS-l had a different 
effective stiffness during the intermediate low-amplitude response 
which cannot be reproduced by the SDOF model. 
The comparison between the calculated and measured displacement 
waveforms of NS-2 was also favorable for the first three seconds. The 
calculated response after approximately three seconds deviated from the 
measured response which indicates that the effective stiffness of the 
SDOF model was different from the small-scale structure. 
The measured and calculated waveforms for NS-3 compare well for the 
first four seconds. The overestimation of the displacements in the 
negative direction can be attributed to the hysteresis model which 1S 
assumed to be symmetric with respect to the origin whereas the measured 
base-moment top-displacement relationship indicated higher stiffness in 
the negative direction ( Fig. 4.11 ). 
The measured and calculated base-moment and base-shear waveforms 
match much better than the displacement waveforms because the base 
moment and base shear do not increase as fast as the displacement once 
the structure has yielded. Calculated and measured maximum 
displacements, base moments and base shears are compared in Table 4.4. 
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The zero-crossings of the calculated waveforms of NS-l, NS-2 and 
NS-3 conform closely with the measured zero-crossings during the first 
three seconds indicating that the assumed stiffness reduction with 
~ncrease ~n displacement was appropriate for modeling the observed 
behavior. After approximately three seconds, the calculated responses 
of NS-l and NS-2 deviated from the measured ones. It should be noted 
that a reinforced concrete structure may soften during repeated 
vibrations even if the amplitude remains constant and low whereas the 
assumed hysteresis model reduces the stiffness only if the maximum 
displacement ~s increased. 
The calculated base-moment top-displacement hysteresis curves are 
shown in Fig. 4.11. They indicate the same overall features as the 
measured hystereses although the areas within the measured hysteresis 
curves are perceptibly larger. It seems to be more important for the 
calculated results to use a good estimate of the slope than to try to 
follow the exact measured path. The rounding of the curve in the 
measured hysteresis plot or the observed tendency for the displacement 
to increase with reduction in moment in changing from loading to 
unloading can be attributed to the fact that the moment and 
displacement responses are not entirely due to a single mode. 
The sensitivity to assumed strength of the response of the 
single-degree-of-freedom system subjected to the base motion of NS-l is 
compared in Fig. 4.12. Yield and ultimate moments were varied between 
80 and 105 percent of the values determined for NS-3. A "Performance 
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Index (PI)", as suggested by Saiidi (4), was used to compare the 
different response histories. This simple index compares the area 
Al between the calculated and measured curves with the area A2 between 
the measured curve and the x-axis. The index can be written as: 
PI = 1 - ( Al / A2 ) ( 4. 1 ) 
Calculated values for the first three seconds are listed in Table 4.5 
and are plotted in Fig. 4.13. It is seen that the performance index 
changed significantly which indicated that the calculated response was 
quite sensitive to assumed strength. However, the performance inde~ PI 
does not reflect whether the calculated response differs from the 
measured response by a constant amount over the entire response history 
or for only a short time period. Three additional quantities were 
therefore used to help evaluate the calculated waveforms. First, the 
calculated maximum values for top-displacement and base-moment were 
compared with the measured maximum values. The results are listed in 
Table 4.6. It appeares that the max~mum top-displacement and 
base-moment are not very sensitive to changes of the yield moment which 
suggests that if a rough estimate of the maximum displacement ~s 
sufficient an exact evaluation of the yield moment is not required. A 
difference between measured and calculated maximum displacement of less 
than 20 percent is considered acceptable. Second, the calculated and 
·measured waveforms were examined to see whether the time of occurence 
of the maximum amplitude was identified correctly by the calculations. 
The response histories for 100 and 105 percent of the reference yield 
moment failed to locate the maximum values at the correct time even 
though calculations based on strength of 100 percent of the reference 
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yield moment resulted 1n the best agreement between measured and 
calculated displacement amplitudes. Third, the zero-crossing rate for 
the first three seconds were compared. It is seen (Fig. 4.12) that 
the zero-crossing rate for strength of 90 percent and less of the 
reference yield moment was considerably different from the measured 
rate. This can be attributed to a lower effective stiffness of the 
SDOF model which depends on the hysteresis envelope. In this context, 
it should be mentioned that the calculated responses of the SDOF models 
with 80 to 90 percent of the reference yield moment matched the 
measured waveforms much better between approximately three and four 
seconds. This can be attributed to the effective stiffness which was 
reduced for the SDOF models with 80 to 90 percent of reference yield 
moment due to higher calculated maximum displacements. Therefore, it 
is concluded that the stiffness of the test structure must have been 
reduced during repeated vibrations even though the 
amplitudes were less than the previous maximum. 
displacement 
On the basis of the var10US criteria considered in this section it 
appears that the strength of NS-l was in excess of 90 percent of the 
strength of NS-3 because response calculation based on models with less 
than that strength resulted in ( a ) unsatisfactory reproductions of 
the waveform indicated by the low values of PI shown in Fig. 4.13, 
( b ) maximum displacements exceed the measured maximum by 20 percent 
or more, and ( c ) the calculated zero-crossing rate was perceptibly 
different from the measured rate for the first three seconds. Strength 
of NS-l is not expected to be higher than that of NS-3 because the 
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calculations based on a higher strength indicated unacceptable 
deviations from the measured displacement curve and because NS-l has 
less beam reinforcement than NS-3. 
The displacement response history of a mul ti-story frame 3nd a 'vall 
was calculated using a SDOF model with incremental stiffness defined by 
the 3ssumed hysteretic relationship between base moment and 
displacement at a given level. The pri~ary curve was-obtained from 
measurements made for NS-3. It was shown that the response waveforms 
calculated US1.ng the same hysteresis for all three base motions led to 
a good estimate of the measured response. Considering these results 
and the observations made in section 4.2 it seems justified to conclude 
that all three structures had comparable strength and incremental 
stiffness properties in the range of response considered. 
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5. ANALYSIS OF THE PROTOTYPE RESPONSE 
5.1 Description of Test Structure and Testing __ ~rocedu~ 
A seven-story reinforced concrete structure with a total height of 
21.75 m and 272 m2 in floor area was tested at the ERI Large Structure 
Laboratory, Japan, by using a "pseudo-dynamic" testing technique. Each 
story height was 3.0 m except the first one which was 3.75 m. The 
structure consisted of two exterior frames and an interior shear-wall 
frame which were connected by reinforced concrete slabs ( Fig. 5.1 ). 
The test structure was loaded laterally at each floor by hydraulic rams 
as shown in Fig. 5.2. The base accelerations were modified to excite 
primarily the fundamental mode of the structure. Therefore, an 
inverted triangular load distribution along the height of the structure 
was assumed to be appropriate as external load. Details of the 
poeudo-dynamic testing technique are described by Okamoto et. al. (3). 
The first two out of four test runs lasted less than the equivalent 
of four seconds in real time with maX1mum deformations well below 
yielding. The fundamental period increased by only 28 percent 
indicating that the maximum resistance of the structure had not been 
reached. A modified Taft acceleration record with a maximum ground 
acceleration of 0.33 g and a duration of more than ten seconds was used 
to calculate the input forces for the third test, designated PSD3 
( Fig. 5.3 ). A maximum top-displacement of 238 mm was attained at a 
loading stage corresponding to 4.5 seconds in real time. The measured 
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base-shear top-displacement relationship is shown in Fig. 5.9. The 
plotted curve indicates that the stiffness of the structure was reduced 
considerably during the test. A free-vibration measurement after the 
test indicated the fundamental period to be 1.16 sec or more than two 
times the value before the test. The coefficient of base shear 
capacity cb ( ratio of base shear capacity to weight of building above 
base) was calculated to be 0.34 and the base acceleration index 
( ratio of effective peak base acceleration ~n g to base shear 
coefficient cb )was determined to be 1.0. Okamoto eta al. (3) compared 
their experimental results of the full-scale prototype with the results 
of a SDOF system using the Takeda hysteresis model and found acceptable 
agreement. 
5.2 Derivation of Equivalent SDOF Model 
The procedure used to determine the properties of the SDOF model 
was the same as the one used for the SDOF model of the tenth-scale 
structures. Typical measured displacement shapes along the height of 
the structure are shown in Fig. 5.4. The displacement shapes were 
almost linear as was observed for the small-scale structures. Two 
different mode shapes were compared to investigate the sensitivity of 
the response of the SDOF model. The first one was the one adopted by 
Okamoto (3) who determined several displacement modes under various 
magnitudes of inverted triangular static loads along the height of the 
structure in order to obtain an average mode shape which was used for a 
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SDOF model. The second was a simple linear mode shape based on the 
data contained in Fig. 5.4. 
The mode shapes are compared in Fig. 5.5. Because the two 
displacement shapes are quite similar it is reasonable to expect that 
the calculated response will be approximately the same whichever mode 
shape 1S assumed. However, two different models were developed to 
investigate the sensitivity of the response to the mode shape assumed. 
Story masses were used as given by reference (3). The calculated 
properties of the SDOF models are listed in Table. 5.1. 
The hysteresis curve for the SDOF model was determined using the 
measured base-shear top-displacement relationship as shown in Fig. 5.9. 
Measured and assumed hysteresis curves are compared in Fig. 5.6 and the 
coordinates of the break points are recorded in Table 5.2. The 
exponent which controls the return slope was set equal to 0.2. 
Consequently, the return slope decreased with increase in maximum 
displacement reached. 
5.3 Comparison of Measured and Calculated Response 
Measured and calculated response histories based on the two 
assumptions for mode shape are compared in Fig. 5.7 and 5.8. The 
comparisons are seen to be quite good in both cases. The calculated 
displacement waveforms conform to the measured waveforms. Even the 
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low-ru~plitude response which occurs toward the end of the test was 
reproduced quite well. The Performance Index PI was calculated to be 
55 percent for the SDOF model with the linear mode shape and 71 percent 
for the other SDOF model. Both values are quite high which supports 
the visual impression that the calculated waveforms match the measured 
waveforms well and that the response is not very sensitive to slight 
differences of the mode shape or to changes in assumed effective mass. 
Comparison of the measured and calculated maximum values of the 
top-displacement and base-shear show that both SDOF ~odels led to good 
estimates of the measured maxima ( Table 5.3). It is also seen that 
the calculated maxima occured at the same time as the measured maxima. 
Measured and calculated top-displacement and base-shear 
relationships are presented 1n Fig. 5.9. The overall shape of the 
calculated hystereses is similar to the measured hystersis. However, 
the area within the calculated curves is less as it was observed for 
the hysteresis of the small-scale structures in chapter four. 
In summary, it was shown that the displacement response histories 
can be calculated using a SDOF model with either a simple linear mode 
shape or an averaged nonlinear mode shape based on displacement shapes 
determined from static loads. The primary curve for the hysteresis 
model was obtained from measurements made for PSD3. In this context, 
it should be mentioned that the multi-degree-of-freedom system of the 
prototype was reduced to a single-degree-of-freedom system in order to 
enable calculations for the pseudo-dynamic technique. Therefore, an 
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assumption about the shape of the external force distribution and 
ultimately the mode shape had to be made. An inverted triangular load 
distribution along the height of the structure was assumed because the 
base motion was chosen to excite primarily the fundamental -node. 
Consequently, the response of the SDOF model used in this report as 
well as the response of the prototype was constrained by similar 
initial assumptions. The difference between the models was that the 
stiffness of the SDOF model adopted here was determined by simple 
hysteresis rules whereas the stiffness of the SDOF model of the 
prototype was determined by applying appropriate external loads to the 
structure and measuring the displacement change. 
The observations made in this chapter indicate that the behavior of 
the full-scale prototype as well as of the small-scale structures was 
comparable with respect to the displacement shape and hysteretic 
response. Because these two are the major factors defining the SDOF 
model, it is assumed plausible to subject the SDOF model representing 
the prototype to base motions obtained in the small-scale 
earthquake-simulation tests in order to study how the prototype would 
have responded had it been subjected to an earthquake-simulation test 
rather than a "pseudo-dynamic" one. 
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6 RESPONSE OF SDOF ~ODEL OF PROTOTYPE TO DIFFERENT INPUT 
6.1 Introductory Remarks 
The objective of this chapter is to study the response of the SDOF 
model of the prototype to different base motions, for different 
hysteresis envelopes and with different mode shapes. A total of 
thirteen response histories were calculated in five different case 
studies as sum~arized in Table 6.1. 
For case 1, the SDOF model was developed using a linear mode 
shape (AL) with a hysteresis based on that measured during tests of 
NS-3. The base motion was that used during Test PSD3 for the 
large-scale model in Tsukuba. 
For case 2, two models were used based on linear (BL) and 
nonlinear (BN) mode shapes. The pri~ary curve for both models was that 
measured in Test PSD3. The base motion was a scaled version of that 
used in run 1 of NS-3. 
Case 3 was the same as case 1 except for the base motion. 
Case 4 included six solutions for the models used in cases 1 and 2 
with the base motion provided by El Centro 1940 (NS) at two intensity 
levels. 
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Case 5 included three solutions for the models used in cases 1 
and 2 with the base motion provided by the unfiltered Taft record. 
6.2 Case 1: Calculation of Large-Scale Model Response 
The hysteresis envelope used for SDOF model AL was based on the 
shape of the measured hysteresis curve for NS-3. Furthermore, the 
shape of the hysteresis curve for the small-scale structures was 
assumed to be the same as for the prototype. 
capacity was calculated to be 4.1 MN by using 
lateral-force distribution varying linearly 
The ultimate base shear 
limit analysis with a 
with height above base. 
The procedure and the assumptions made for the limit analysis are 
described by Wolfgram (8). The top-story drift ratio corresponding to 
the development of the limiting base shear was assumed to be one 
percent. The break points are listed in Table 6.2 and the measured and 
a~sumed force-displacement curves are compared in Fig. 6.1. The 
displacement mode shape was assumed to be linear as it was observed for 
the small-scale structures. The quantities defining the SDOF model are 
listed in Table S.la. 
The calculated response of SDOF model AL is compared with the 
measured response of the large-scale model in Fig. 6.2. It is seen 
that the initial low amplitude response is overestimated but the second 
half of the response history is reproduced quite well. The 
overestimation of the initial response can be attributed to the reduced 
slope of the assumed hysteresis envelope between cracking and yielding. 
) 
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The maXlmum calculated displacement is calculated to occur at the same 
time as the ~easured one. Therefore, it seems justified to conclude 
that the maX1.mum displacement as well as the response history of the 
prototype could have been calculated reasonably well prior to the test 
if the results of the small-scale structure had been available and if 
the influence of slab and transverse beam elem.ents were included in 
calculating base shear strength. This correspondence also indicates 
that the full-scale model would have had a response quite similar to 
that obtained had it been subjected actually to the base motion used 1.n 
its test. 
6.3 Case 2 and3: Effect of Model Properties 
Comparison of the displacement response spectra for NS-3 base 
motion and the modified Taft base motion indicate that the displacement 
responses of a linear elastic SDOF system having the same frequency may 
be quite different if the base acceleration amplitudes are not scaled 
( Fig. 6.3). In order to keep the maXimum response comparable, the 
base acceleration amplitudes of NS-3 were scaled by a factor of 0.5 to 
be used in connection with the SDOF model of the prototype. The time 
scale was multiplied by a factor of five because the frequency of the 
small-scale structures was approximately five times that of the 
prototype. The calculated waveforms for models AL, 'BL and BN are shown 
1.n Fig. 6.4 to Fig. 6.6. The three waveforms are seen to be 
considerably different for the first 15 seconds \lThereas the waveforms 
thereafter match lHell. However, the maximum displacements are quite 
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similar as can be seen from Table 6.3. The discrepancy in the 
calculated waveforms can be attributed to two effects. First, the low 
to medium response in the initial phase is sensitive to the assumed 
hysteresis envelope or stiffness reduction. Second, the chosen 
earthquake excited certain frequency ranges more than others 
( Fig. 6.7). rae difference in response of the SDOF models with 
linear and nonlinear displacement mode shape can be attributed to the 
second effect because the equivalent mass changes according to the mode 
shape assumed and with it the effective period of the SDOF model. 
6.4 Case 4 and 5: Effect of Base Motion 
In order to examlne the observed sensitivity more closely the SDOF 
models AL, BL and BN were subjected to a version (5) of the El Centro 
record of 1940 NS ( Fig. 6.8). The Fourier-Amplitude spectrum and the 
response displacement spectrum for this record are shown in Fig. 6.9 
and Fig 6.10, respectively. The comparison of the Fourier-Amplitude 
spectra indicates that the El Centro base motion has a much richer 
frequency content than the NS-3 record (Fig. 6.7 ). The response 
displacement spectrum for NS-3 changes drastically between one and two 
hertz, the range of interest, whereas the response displacements of the 
El Centro spectrum change only moderately. Therefore, slight changes 
in the effective frequency of the SDOF model can be expected to have 
perceptible influence on calculated waveforms. 
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The calculated waveforms of the SDOF models AL, BL and BN subjected 
to two differently scaled El Centro records are presented ~n Fig. 6.11 
to Fig. 6.12. Maximum top displacements are listed in Table 6.4. In 
the first case, the original base acceleration record was used. In the 
second case, the amplitudes were multiplied by a factor of two. The 
response histories were observed to be insensitive to the ~odel 
properties with El Centro 1940 as the ground motion. This may be 
explained ~n part by the response displacement spectrum and 
Fourier-Amplitude spectrum described before. However, the El Centro 
response histories do not contain the initial low to medium 
displacement response which is also considered to be a reason for 
sensitivity problems. 
For case 5, the SDOF models AL, BL, and BN were subjected to the 
first 20 seconds of the unfiltered Taft record which is shown in 
Fig. 6.13. The maximum acceleration was scaled to be 0.51 g. The 
Fourier-Amplitude spectrum (Fig.6.14) for this motion has a broader 
frequency spectrum than NS-3 and the response displacement spectra 
( Fig. 6.15 ) increases only moderately between one and two hertz. The 
calculated waveforms for the SDOF models AL, BL, and EN are shown ~n 
Fig. 6.16. The max~mum top-displacements and base-moments are listed 
~n Table 6.5. The calculated displacement waveforms of the SDOF models 
BL and BN are quite similar for the first five seconds. The response 
history of the SDOF model with the nonlinear displacement shape had a 
single displacement peak at approximately six seconds which was not 
calculated for the other two models. This observation can be 
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attributed to the single spike in the negative direction of the base 
acceleration record at approximately s~x seconds. Because the SDOF 
models BL and BN did not have identical stiffnesses, model BL was 
slowed down whereas model BN was excited by the single acceleration 
spike. The calculated responses of the SDOF models BL and EN were 
comparable after six seconds except that the waveform of model BL was 
shifted by a constant amount due to the missing peak displacement in 
the negative direction. The response of model AL is similar to the 
response of model BL but the double-amplitude displacements are larger. 
In this context, it should be mentioned that the displacement response 
due to the EI Centro and Taft base motions would have been considerably 
less than for NS-3 and modified Taft records if the maximum base 
accelerations were scaled to have the same magnitude. 
In section 6.2 it was shown that the measured displacement response 
of the full-scale prototype could be reasonably well reproduced if the 
shape of the hysteresis envelope of the small-scale structure NS-3 was 
used to define the hysteresis envelope of the SDOF model. The ultimate 
base shear capacity was calculated using limit analysis as described by 
Wolfgram (8). The studies in the following sections indicated that the 
calculated waveforms vary perceptibly for the NS-3 base motion record 
if the mode shape or, what is equivalent, the masses of the structure 
are changed by about ten percent or if the primary curve for hysteresis 
was varied. However, the calculated maximum displacements changed only 
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slightly. In contrast, the displacement response histories due to the 
EL Centro base motion record did not reveal any sensitivity problems. 
This was attributed to the broad frequency spectrum of the record and 
the initial large amplitude response. The displacement response 
histories of the SDOF models AL, BL, and EN subjected to the unfiltered 
Taft record indicated a sensitivity due to a single spike in the base 
acceleration record despite a broad frequency spectrum of the record. 
From these observations it is concluded that the shape of the waveforms 
can be sensitive if (a) certain frequency ranges are excited more than 
others, (b) the displacement response history has an initial low to 
medium response, and (c) the base motion has dominant spikes. However, 
the cases studied 1n this report indicated that the maximum 
displacements are not as sensitive as the shape of the waveforms. 
34 
7 SUMMARY 
A cooperative research program between Japan and the United States 
of America was established in 1977 to improve design practice related 
to earthquake resistance of building structures. One of the ma~n 
objectives of the program was to determine whether and how well results 
from tests of small-scale models and from tests of components and 
component assemblies could be used to understand the response of a 
complete large-scale building. A seven-story large-scale structure was 
built and tested at the BRI Large Structure Laboratory, Japan. Lateral 
forces representing earthquake effects were applied in one direction at 
each story by hydraulic jacks. The loading history was determined 
"pseudo-dynamically", or by dynamic response calculations made for one 
horizontal component of an earthquake motion with the incremental 
stiffness of the structure determined from measurements made during the 
test. 
Three one-tenth scale structures modelled after the large-scale 
structure were tested using the earthquake simulation facility at the 
University of Illinois. The three structures were geometrically 
identical but the beam reinforcement of the first structure differed 
from those in the other two ( Fig. 4.1). This report 'analyses some of 
the response data from the small-scale tests and compares them with 
results from the large-scale pseudo-dynamic test. 
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The response data were studied with the help of a SDOF model of the 
structure. Force-displacement response of the model was controlled by 
a series of rules derived from relationship of base-moment with lateral 
displacement measured in the simulation tests. 
In order to conduct the investigation an analytical SDOF model and 
hysteresis model were developed. The lTIulti-degree-of-freedom system 
was reduced to a single-degree-of-freedom system with the followi~g 
assumptions: 
(a) The deflected shape of the structure remalns essentially constant 
during the shaking. 
(b) The hysteretic behavior of the reinforced concrete structure 
composed of many me~bers can be represented by a single relationship 
between base-moment and top-displacement. 
A trilinear hysteresis model with a symmetric primary curve was 
used to simulate nonlinear behavior. Stiffness reduction was allowed 
to be different for each side of the hysteresis model so that 
nonsymmetrical response could be reproduced. Viscousiamping was not 
included in this model. 
7.1 Comparison of Measured and Calculated Response 
The measured displacement, moment, and shear response histories of 
the three one-tenth small-scale structures NS-l, NS-2, and NS-3 ( first 
test run ) were compared with those calculated using a snOF model 
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derived from the properties of structure NS-3 (Fig. 4.8 to 
Fig. 4. 10 ). 
Calculated waveforms of the SDOF model derived from properties of 
structure NS-3 matched well the measured waveforms of the first test of 
the small-scale structures NS-l, NS-2 and NS-3. Differences in the 
shape of the measured waveforms of the three structures were also 
observed for the calculated waveforms of the SDOF model. It was 
concluded that the differences in the measured response could be 
attributed to the input motions and that all three structures had 
comparable incremental stiffness properties in the range of response 
considered despite the fact that structures NS-2 and NS-3 had more beam 
reinforcement. 
The displacement and base shear histories were calculated for the 
large-scale structure using a SDOF model based on the properties of the 
large-scale structure. The calculations were made for test PSD3 
(maxi:num top-story drift one percent) with two definitions of the 
SDOF model based on linear and nonlinear deflected shapes. 
Calculated histories based on either assumption matched the 
measured histories quite well for the base motion assumed for that test 
( Fig. 5.7 and Fig. 5.8 ). 
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Sensitivity of calculated response histories to plausible 
variations 1n defining the SDOF model was studied by varying the 
assu~ed deflected shape ( Fig. 5.5) and the pr1mary curve of the 
hystecesis relationship (Fig. 7.1 ). Response history calculations 
were .nade for three different base motions: El Centro 1940 ( a = max 
.33g and a = .66 g ) , Taft 1952 ( al11ax = 0.5g ) , and Miyagi-Oki 1978 max 
( a = 0.25g ) . The results indicated that in all cases the maximum max 
displacement response was insensitive to plausible variations of the 
assumed deflected shape and the hysteresis curve. This was also true 
of the displacement histories calculated for El Centro. For the Taft 
and Miyagi-Oki records, the shape of the displacement history changed 
perceptibly for the assumed variations in input. 
It was concluded that the SDOF model could be used to obtain a 
satisfactory estimate of the maximum response displacement but its 
indications about the history of response were questionable because of 
the observed sensitivity. 
Considering that 1n relation to actual buildings weight 
distributions are not likely to be well defined and that variations 1n 
weight are equivalent to variations 1n deflected shape, reliability of 
a response history based on a single definition of the SDOF model 18 
not considered to be good. 
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A before-the-fact estimate of response must be based on a 
collection of response calculations made for different plausible 
definitions of the structure as well as for possible types and 
intensities of base motions. It should also be noted that 
investigation of the influence on response of variations in modeling is 
as relevant to MDOF nonlinear models as it is to the SDOF model. 
The SDOF model was found to be very useful in projecting the 
results of the small-scale structures to study the response of the 
large-scale test. The response of the large-scale model in test PSD3 
could. be calculated using the hysteresis determined from small-scale 
test structure NS-3 and a base motion used in PSD3. The response 
history of the large-scale structure could be calculated closely using 
the SDOF model with a hysteresis developed from the measurements made 
in tests of small-scale model NS-3. The hysteresis so determined was 
normalized to a "yield" base shear of 4.1 MN at a top-displacement 
drift ratio of 0.01. 
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TABLE 4.1A Concrete Properties of 
Small-Scale Structures 
* 
,~ 
Test Frame Age at Initial Secant Compressive Splitting Modulus 
Structure Testing Modulus Modulus Strength Strength of Rupture 
days ton/em 2 ton/em 2 kgf/cm 2 kgf/cm 2 kgf/cm 2 
North 286 188 169 313 (22) 28 59 (5) 
NS-l Center 244 195 171 307 (23) 26 59 (6) 
South 324 215 191 361 (15) 31 56 (5) 
overall NS-l 199 177 327 (31) 58 (6) 
North 93 191 162 256 (30) 62 (5) ~ 
NS-2 Center 163 194 168 307 (29) 64 (6) 0 
South 178 182 166 291 (16) 65 (7) 
overall NS-2 189 166 284 (34) 64 (6) 
North 217 193 161 259 (26) 29 58 (6) 
NS-3 Center 135 217 201 392 (28) 33 78 (6) 
South 302 178 153 227 (18) 53 (5) 
overall NS-3 196 172 306 (78) 63 (13) 
* Mean (Standard Deviation) 
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TABLE 4.1B Steel Properties of 
Small-Scale Structures 
1~,', *", Location Wire Gage Diameter Strain Rate Yield Stress Strength 
l/sec kgf/mm 2 kgf/mm 2 mm 
Top of 
Beams 
(NS2 & NS3) No. 7 4.5 0.001 37.1 + 1.1 43.0 + 0.9 
-. 
Columns No. 13 2.3 0.001 39.2 + 1.1 42.5 + 0.9 
0.005 40.7 + 1.2 43.4 + 1.5 
Beams 
and 
Wall No. 15 1.8 0.001 42.7 + 0.7 45.7 + 0.6 
0.005 42.9 + 0.7 46.5 + 0.6 
Transverse 
Reinf. No. 16 1.6 0.001 79 + 1.2 85 + 3.1 
** Mean + standard deviation based on ten samples each. 
Max. Ace. 
Min. Ace. 
TABLE 4.2 Measured Maximum and Minimum Base Accelerations 
In G at South Frame 
NS-1 NS-2 NS-3 
0.594 0.592 0.488 
-0.494 -0.498 -0.485 
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TABLE 4.3A Calculated Properties 
Equivalent SDOF Model 
Story/ Story Mode 
Level Height Shape 
(m) 
7 2.15 1.00 
6 1.85 0.86 
5 1.55 0.72 
4 1.25 0.58 
3 0.95 0.44 
2 0.65 0.30 
1 0.35 0.16 
Equivalent Mass (Eq. 2.12) = 3885 kg-m 
Equivalent Stiffness (Eq. 2.13) = 1.4 . K 
Break Point 1 
Break Point 2 
Break Point 3 
TABLE 4.3B Break Points in Primary 
Moment-Displacement Curve 
Moment 
(kN-m) 
18.8 
27.7 
40.0 
of 
Story 
Mass 
(kg) 
444.0 
444.0 
444.0 
444.0 
444.0 
444.0 
444.0 
Displacement 
(mm) 
1.7 
5.0 
13.5 
TABLE 4.4 Comparison of Measured and Calculated 
Maxima 
NS-l NS-2 
Measured Calculated Measured Calculated 
Max. Base Moment (kNm) 4S.l 44.4 46.S 42.6 
Max. Base Shear (kN) 29.2 28.8 32.0 27.7 
Max. Top Displacemen t (mm) 17. S 16.3 lS.O IS.1 
NS-3 
Measured 
40.6 
28.0 
l3.S 
Calculated 
41.6 
26.76 
14.1 
..p-.. 
w 
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TABLE 4.5 Calculated Performance 
Indices 
Percent of Reference Performance 
Yield Moment Index 
80 11 
85 23 
90 41 
95 67 
100 60 
105 36 
TABLE 4.6 Calculated Maximum Displacements for SDOF Models with 
Different Yield Moments 
Assumed Yield Moment~~~) Calculated (c) Error 
Yield Moment for NS-3 Max. Displacement 
(%) (mm) (%) 
80 21.9 +19.5 
85 22.0 +25.7 
90 21.7 +23.9 
95 19.8 +13.0 
100 16.3 - 6.8 
105 14.5 -17.0 
(a) Moment corresponding to second break point. 
(b) Yield moment of SDOF model based on measured hysteresis curve of structure NS-3. 
Occurrence(d) 
of Maximum 
Displacement 
YES 
YES 
YES 
YES 
NO 
NO 
(c) Ratio of diff~rence between calculated and measured maximum displacement to the measured value. 
(c) Calculated maximum displacement occurred at same time as measured maximum. 
.j::-.. 
1Jl 
Story/ 
Level 
7 
6 
5 
4 
3 
2 
1 
Equivalent 
Equivalent 
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TABLE 5.1A Calculated Properties of Equivalent SDOF Model 
with Linear Mode Shape 
Story Mode Story 
Height Shape Mass 
(m) (kg * 1000) 
21.75 1.00 153.0 
18.75 0.86 169.7 
15.75 0.72 169.7 
12~75 0.58 169.7 
9.75 0.44 169.7 
6.75 0.30 169.7 
3.75 0.16 183.4 
Mass (Eq. 2.12) = 14834 (Mg-m) 
Stiffness (Eq. 2.13) = 1.42 . K 
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TABLE 5.1B Calculated Properties of Equivalent SDOF Model 
with Nonlinear Mode Shape 
Story/ Story Mode Story 
Level Height Shape Mass 
(m) (kg * 1000) 
7 21.75 1.0 153.0 
6 18.75 0.85 169.7 
5 15.75 0.70 169.7 
4 12.75 0.54 169.7 
3 9.75 0.38 169.7 
2 6.75 0.23 169.7 
1 3.75 0.10 183.4 
Equivalent Mass (Eq. 2.12) = 14834 (Mg-m) 
Equivalent Stiffness (Eq. 2.13) = 1.48 . K 
Break Point 
Break Point 
Break Point 
Mode 
Shape 
Linear 
Nonlinear 
Mode 
Shape 
Linear 
Nonlinear 
1 
2 
3 
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TABLE 5.2 Break Points in Primary Base-Moment 
Top-Displacement Curve 
Moment Displacement 
(Mu-m) 
28.5 
48.0 
66.0 
TABLE 5.3 Comparison of Maxima 
Calculated 
Shear 
(MN) 
4.2 
4.1 
Calculated 
Displacement 
(mm) 
255.6 
242.6 
Measured 
Shear 
(MN) 
4.0 
4.0 
Measured 
Displacement 
238.6 
238.6 
(rom) 
25.0 
75.0 
250.0 
Error (a) 
(%) 
4.8 
2.4 
Error(a) 
(%) 
6.6 
1.6 
(a) Ratio of difference between calculated and measured maximum as the 
measured value. 
Case 
1 
2 
3 
4 
5 
Break Point 1 
Break Point 2 
Break Point 3 
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TABLE 6.1 Case Studies 
Model Base Motion Hysteresis 
AL Modified Taft Projected from NS-3 
BL Scaled Motion Measured in Large-
BN for NS-3 Scale Test PSD3 
AL Scaled Motion Projected from NS-3 
for NS-3 
AL E1 Centro 1940 (N-S) As indicated above 
BL (a) Max. Ace. 0.33g for AL, BL, and 
BN (b) Max. Ace. = 0.66g BN 
AL Taft As indicated above 
BL Max. Ace. 0.51g for AL, BL, and 
BN BN 
TABLE 6.2 Break Points in Primary Base-Moment 
Top-Displacement Curve 
Moment 
(MN-m) 
24.6 
50.0 
63.0 
Displacement 
(mm) 
18.5 
93.5 
218.0 
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TABLE 6.3 Comparison of Calculated Maximum Top 
Displacements of SDOF Models Sub-
jected to NS-3 Base Motion 
Hodel Max. Top 
AL 
BL 
BN 
Model 
AL 
BL 
BN 
Hysteresis envelope based on 
measured NS-3, Linear mode 
shape 
Hysteresis envelope based on 
measured PSD3, Linear mode 
shape 
Hysteresis envelope based on 
measured PSD3, Nonlinear mode 
shape 
Displacement 
(mm) 
223.0 
227.0 
241.0 
TABLE 6.4 Comparison of Calculated Maximum 
Top Displacements of SDOF Models 
Subjected to El Centro Base 
Motion 
Max. a = 0.3g g 
Max. Top Displacement 
(mm) 
177.0 
155.0 
152.0 
Max. a = 0.6g 
g 
Max. Top Displacement 
(mm) 
289.0 
273.0 
277.0 
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TABLE 6.5 Comparison of Calculated Maximum Top 
Displacements of SDOF Models Sub-
jected to Taft Base Motion 
Model Max. Top Displacement 
(mm) 
AL 185.0 
BL 170.0 
BN 181.0 
Hi 
System 
-f&--~Y 
Displacement 
Shape 
Fig. 2.1 Reduction of a MDOF System to 
a SDOF System 
SDOF 
Model 
--I ..... Z 
V1 
tv 
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Top Disp 
A - Cracking Moment 
B - Yield Moment 
C - Ultimate Moment 
Fig. 3.1 Hysteresis Model 
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Fig. 4.13 Calculated Performances Indices 
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1.0~ ________ ~ __________ ~ ______________________________ ~ 
0.8 
Fig. 6.7 Fourier-Amplitude-Spectrum for NS-3 Base Motion 
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Fig. 6.11 Calculated Response Histories of SDOF Models AL, BL, and BN 
Subjected to El Centro Record with Max. Ace. = 0.33g, Case 
Four 
101 
. MODEL AL CASE 4 B 
TIM E I: SEC 1 
Fig. 6.12 Calculated Response Histories of SDOF Models AL, BL, and BN 
Subjected to El Centro Record with Max. Ace. = 0.66g, Case 
Four 
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Fig. 6.15 Response Displacement Spectra of Taft Record 
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Fig. 6.16 Calculated Response Histories of SDOF Models AL, BL, and BN 
Subjected to Unfiltered Taft Record, Case Five 
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Fig. 7.1 Comparison of Primary Curve Based on Measured Curve of Test PSD3 
with Assumed Primary Curve Based on Measured Curve of Test NS-3 
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APPENDIX A 
Tabie A.I contains the basic information necessary to describe the 
hysteresis rules. The overturning moment and the top displacement at 
time t are referred to as MOMENT and DISP, respectively. The model 
consists of eight unique rules. An odd rule number and the following 
even rule number describe the same hysteresis rules. The difference 
between the two rules is that the odd rule number is located on one 
side of the hysteresis model whereas the other one is on the opposite 
side of the hysteresis model. For example, the elastic slope KELAS is 
determined by usig rule one if the moment is positive and by rule two 
if the moment 1S negative. The seperation between positive and 
negative side of the hysteresis model was introduced only to improve 
the readability of the program. 
The arrows in Fig. A.I point 1n loading or reloading direction. 
Unloading takes place 1n a direction opposite to that indicated by the 
arrows. The maximum displacement and moment which have been reached 
along the positive primary curve FHJK are stored in MDPOS and MMPOS, 
the minimum displacement and moment which have been reached along the 
negative primary curve FDBA are stored in MDNEG and MMNEG. The moments 
reached at points Rand T are stored in MLNEG and MLPOS, respectively. 
The table may also be used as a reference for developing a computer 
program. 
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Variable Names 
---- -----
RULE = Hysteresis rule number 
MOMENf Moment at time t 
DISP = Displaceme:1t at time t 
M 
crack Cracking moment 
Myield Yield moment 
DISPY Yield displacement 
MMPOS Max. positive moment reached previously 
MMNEG Min. negative moment reached previously 
MDPOS Max. positive displacement reached previously 
MDNEG = Hin. negative displacement reached previously 
MLPOS = Positive moment at point T 
MLNEG = Negative moment at point R 
DPINCH Displacement at point L, 0, S, or U 
RULE 
1 
2 
3 
LOADING 
if MOMENT < 01.0 
else 
if 
else 
lif 
else 
Rule ... 2 go to Rule 2 
if MOMENT < M 
crack 
K "" KELAS 
MDPOS = max (MDPOS, DISP) 
MMPOS "" max (MMPOS» MOMENT 
else 
Rule = 3 go to Rule 3 
MOMENT> 0.0 
Rule == 1 go to Rule 1 
if - MOMENT 2. Mcrack 
K a KELAS 
MDNEG z min (MDNEG, DISP) 
MMNEG m min (MMNEG. MOMENT) 
else 
Rule 4 go to Rule 4 
MOMENT 2. Myield 
K == KSOFT 
MDPOS '" m.ax (MDPOS, DISP) 
MMPOS = max (MMPOS, MOMENT) 
Rule ... 7 go to Rule 7 
if 
else 
UNLOADING 
MOMENT < 0.0 
Rule 2 go to Rule 2 
if -MMNEG > M 
crack 
K = K6 MOMENT - MMNEG 
DISP - MDNEG 
Rule 6 
else 
K ... KELAS 
if MOMENT> 0.0 
else 
Rule = 1 go to Rule 1 
if HMPOS ~ Mcrack 
K "" K5 = MOMENT - MMPOS 
DISP - MDPOS 
Rule = 5 
else 
K = KELAS 
K '" K5 MOMENT - MMNEG DISP - MDNEG 
Rule = 5 
MDPOS = max (MDPOS, DISP) 
MMPOS = max (MMPOS, MOMENT) 
Table A.I Hysteresis Rules 
RELOADING 
Same as Loading 
Same as Loading I-' o 
ex> 
RULE LOADING 
4 
if - MOMENT ~ Myield 
K '" KSOFT 
MDNEG = min (MDNEG. DISP) 
MMNEG = min (MMNEG, MOMENT) 
else 
Rule "" 8 go to Rule 8 
5 
6 
K = !<YIELD 
7 MDPOS = max (MOPOS. DISP) 
MMPOS = max (MMPOS, MOMENT) 
MLPOS ::: HMPOS 
K :: KYIELD 
8 
MDNEG = min (MDNEG, DISP) 
MMNEG = min (MMNEG. MOMENT) 
MLNEG .. MMNEG 
UNLOADING 
K = K6 = MOMENT - MMPOS 
DISP - MDPOS 
Rule = 6 
MDNEG = min (MDNEG, DISP) 
MMNEG - min (MMNEG, MOMENT) 
if MOMENT ~ MMNEG 
K = K5 
else 
Rule = 2 go to Rule 2 
if HOMENT < MMPOS 
-
K = K6 
else 
Rule .. 1 go to Rule 1 
MYIELD DISPY ~ 
K - K9 = (~).(IDISPI) 
Rule m 9 
MOPOS = max (MDPOS, DISP) 
MMPOS = max (MMPOS, MOMENT) 
MLPOS "" MMPOS 
D "" DISP - BETA '* MOMENT pinch K9 
MYIEtD DISPY ~ 
K = KIO = (DISPY )-(IDISPI) 
Rule = 10 
MDNEG = min (~IDNEG, DISP) 
MMNEG = min (MMNEG, MOMENT) 
MLNEG = MMNEG 
D = DISP - BETA '* MOMENT pinch KIO 
Table A.I (continued) 
if 
else 
if 
else 
RELOADING 
MOMENT < MMPOS 
K = K5 
Rule = 3 go to Rule 3 
MOMENT ~ MKNEG 
K = K6 
Rule "" 4 go to Rule 4 
f-' 
o 
~ 
RULE LOADING UNLOADING 
, 
if DISP > D i h 9 - P nc 
K "" K9 
else 
MMNEG - MOMENT 
K = Kll = MDNEG _ DISP 
Rule III 11 
if DISP < D i h 
- P nc 
10 K lIZ KlO 
else 
MHPOS - MOMENT 
K ... K12 ... MDPOS _ DISP 
Rule'" 12 
if DISP < 0.0 
11 K "" K13 ... K1l 
Rule ... 13 
else 
Ie "" KI1 
if DISP > 0.0 
12 K ... K14 ... KI2 
Rule ... 14 
else 
K "" K12 
Table A.I (continued) 
RELOADING 
if MOMENT < MMPOS 
-
K == K9 
else 
Rule "" 7 go to Rule 7 
if MOMENT ~ MMNEG 
K ... KlO 
else 
Rule "" 8 go to Rule 8 
MHPOS - MOMENT 
K ... K14 - KOPOS _ DISP 
Rule "" 14 
MHNEG - MOMENT 
K p Kl3 - MONEe - DISP 
Rule "" 13 
I 
~ 
f-' 
f-' 
o 
RULE LOADING 
if MOMENT > MMNEG 
13 -
K = Kl3 
else 
Rule '" 4 go to Rule 4 
if MOMENT < MMPOS 
14 K ::: K14 
else 
Rule .. 3 go to Rule 3 
15 
16 
I...- --~- ------
UNLOADING 
if 
-MMNEG < Myield 
Rule = 4 go to Rule 4 
else 
MLNEG = MOMENT 
K = Kl5 = (MYIELD)EI (DISPY )"'1' 
DISPY -MDNEG 
D = DISP - BETA * MOMENT pinch K 
Rule ... 15 
if MMPOS < Myield 
Rule ... 3 go to Rule 3 
else 
MLPOS 0: MOMENT 
K = K16 = (~) (~)v DISPY If MDPOS 
D == DISP - BETA '* MOMENT pinch K 
Rule '" 16 
if DISP < D i h 
- P DC 
K ... K15 
else 
K = K12 = MMPOS - MOMENT 
MDPOS - DISP 
Rule 1m 12 
if DISP ~ Dpinch 
K = K16 
else 
MMNEG - MOMENT 
K = Kll = MDNEG _ DISP 
Rule '" 11 
----- ---------- --.--.-~ .. ------
Table A.I (continued) 
if 
else 
if 
else 
'---
RELOADING 
MOMENT > MLNEG 
K = Kl5 
K ". K13 
Rule"" 13 
MOMENT < MLPOS 
K = K16 
K = 14 
Rule = 14 
I 
-
I--' 
I--' 
I--' 
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Rule Number 
Arrows point in the direction 
of loading 
Fig. A.1 Hysteresis Model 
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5 
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